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AnHoTauus. ['excanon sSBIsSETCS Pa3HOBUIHOCTHIO pOOOTOTEXHUYECKUX YCTPOUCTB. B
ATOM CTaThE pacCMaTPUBAETCS MIECTUHOTUI TeKcarno/1, KOTOPbIN SIBISETCS Iararolen
naaTGopMOii U MOXKET OBITh HCIIONB30BAH KaK IMIACCH PA3TUYHBIX BUJIOB CTPOUTEIHHO-
JIOPOKHOM TEXHUKH B CTECHEHHBIX M TSHKEJBIX JUISl TPOXOJIMMOCTH YCIOBUSIX B CTPOUTENBCTBE U
pazbope 3aBajioB.

VY moaBUKHOM YaCTH TeKcarojia ecThb MeCTh CTereHel CBOOObI - TPU MOCTyNATENbHbIE U
TpHY Bpaum@TeabHble. ['ekcano nMeeT mecTh HE3aBUCUMBIX IPYT OT Apyra «HOI», KOTOphIE ¢
MTOMOIIIHIO MMAPHUPOB COSAMHSIOT MOABUKHYIO YaCTh U HETIOIBUKHYIO TIaThopMbl. [ 'excanon
SBIISICTCSL IOCTATOYHO YCTOWYMBOM M THOKOM XOIOBOM M MOKET OBITh MCIOJIB30BAH JIJIsl Pa3HOTO
HasHaueHUs. OOIMPHOCTH cep ero MpuMeHeHust 00YCIOBJICHA, TOM YTO YCTO MUHB, TIPH
ONUPAHUU HA TTOJIOBUHY HOT OH HE TEPSET CBOEH YCTOMYMBOCTH U HE OIPOKHUIBIBAETCA,
COOTBETCTBEHHO 0OoJiee 0€30MaceH YeM IreKcarnoi ¢ MEHbIIMM KOJIMYECTBOM OIOop, 32 CUeT
HaJMYHS [IECTH HOT OH CTAHOBUTHCS 0OJiee MPOXOAUMBIM M0 HEPOBHOMU U peTbePHOM
MECTHOCTH, B CPAaBHHU C KOJICCHOW U JIaxke TYCEHUYHOU TexHuKoi. B paboTe mpencraBieHsbl
npsiMasi ¥ oOpaTHasi KHHEMaTUYECKUE MOJIENH IECTHHOTOro rekcanona. [1iist BeluyucieHus
ITOJIO’KEHMS M B3aUMOCBSI3U MEXKy ITapaMeTpaMH, TAKUX KaK yIJIbl [IOBOPOTA LIAPHUPOB,
CcBOOO/IHAsI KOHEYHAs TOYKA TeKcaro/ja, a Takke oOpaTHas u ImpsiMasi MOJIENb MCIIOIb3YeTCs
Matpua JlenaBut- XantenOypra. JJlaHHbIi METO Ja€T BO3MOKHOCTh OMUCATh IMOCTYIATEIbHbIS
Y BpalaTEIbHbIE CBS3H COCEHUX 3BEHBEB IEKCAIO/Ia.

KuarwueBble ci10Ba:rekcarno/, MEeCTUONOPHBIN IeKcano], KMHEeMaTu4ecKas MOJIeNb,
MaTpuia Tpanchopmannu, marpuna JlenaBut- XanteHOypr.
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Ha3emnble TPAHCIIOPTHO-TEXHOJOITHYE€CKHE CPEACTBA H KOMIIVICKCHI

Abstract. A hexapod is a type of robotic device. This article discusses a six-legged
hexapod, which is a walking platform and can be used as a chassis for various types of road
construction equipment in cramped and difficult conditions for cross-country construction and
debris removal.

The movable part of the hexapod has six degrees of freedom - three translational and
three rotational. The hexapod has six independent "legs" that connect the movable part and the
fixed platform with the help of hinges. The hexapod is a fairly stable and flexible chassis and
can be used for various purposes. The vastness of its fields of application is due to the fact that it
is stable, when resting on half of the legs, it does not lose its stability and does not tip over,
respectively, it is safer than a hexapod with fewer supports, due to the presence of six legs, it
becomes more passable over uneven and relief terrain, compared with wheeled and even tracked
vehicles. The paper presents direct and inverse kinematic models of a six-legged hexapod, the
Denavit-Hantenburg matrix is used to calculate the position and relationship between parameters
such as hinge rotation angles, the free endpoint of the hexapod, as well as the inverse and
forward models. This method makes it possible to describe the translational and rotational
connections of neighboring hexapod links.

Keywords: hexapod, kinematic model, dynamic model, transformation matrices and
Newton-Euler method.

For citation: Starostina Zh. A., Zein Aldin A. Kinematic model of hexapod supports //
Avtomobil. Doroga. Infrastruktura. 2024. Ne 3 (41).

AKTYyaJIbHOCTb HCCJICAOBAHUS

B HacTosiiee BpeMsi MpOEKTUPYIOTCS T'eKCAIO bl pa3IMYHOT0 HA3HAYEHUS,
KOTOPBIE HAXOIAT CBOE IPUMEHEHHE B BOGHHOM OTpaciii, CriacaTelbHbIX
OTIepalMsX U MHOTO TJI€ €llle, paboTas B CJIOXKHBIX YCIOBUAX SKCILTyaTalllu.
Cdepa ux ucrnosnb3oBanus OyaeT 3HAUUTENBHO PACIIMPATHCS U3 -3a MHOYKECTBA
JOCTOUHCTB, TAKUX KaK MaHEBPEHHOCTh, yCTOMUHUBOCTD, IPOXOIUMOCTb,
0e30macHOCTh. IMEHHO 1IECTHHOTHE TeKCano bl 001aat0T MOJIHBIM HA0OpOM
JOCTOUHCTB, TaK KaK C MEHBIIIMM KOJIMYECTBOM OINOP I€KCaro 1bl CTAHOBSTCS
MEHEE YCTOMUYMBBIMU, COOTBETCTBEHHO BCE OCTAJIbHBIE XapaKTEPUCTUKU TOKE
CTaHOBSITCS XYK€, BAXXHO IMPOBOJIUTH IPABUJIbHBIE PACUETHI U ONPEAEIIATH UX

HaWJIydlIme 1mapamMeTpbl IJI1 JOCTUKCHUS XOPOIICTO PE3yJibTara.
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HUccaenosanue

['excanoabl ABJIAIOTCS TEXHOJIOTHYECKUMH MAIIIMHAMU, B OCHOBE KOTOPBIX
JIEXKUT CTEP>KHEBAsI KOHCTPYKIIMSI C UCIIOJIb30BaHMEM MEXaTPOHHBIX MOTYJIEH .
OcHOBa KOHCTPYKTUBHOM CXeMbI IIpeJCTaBiIsAeT coOoi mnatpopmy CrroapTa.
JlaHHBIH TUIT KOHCTPYKIIMHU IIACCH MOKET OBITh YHUBEPCATbHBIM HOCUTETIEM
Pa3IMYHOTO BHJ1a 000PYI0BaHUS UCIIOIb3YEMOTO IIPU CTPOUTENIHCTBE B
CTECHEHHBIX YCJIOBHSX U IIPH BBIITOJHEHUH PA3JIMYHBIX CIIACATENbHBIX MUCCHM JJIs
pa30opa3aBajioB MOCJIE MPUPOTHBIX SIBJICHUIN U TEXHOTEHHBIX KaTacTpod.

J1J1 BBIYUCIIEHNUS MTOJI0KEHU I B3aUMOCBSA3U MEX 1Yy TapaMeTpamMmu, @ UMEHHO
yriamMy MoBOpOTa IAPHUPOB, CBOOOTHON KOHEUHOM TOUKOM reKkcarno/ia, a TaKkxKe
oOpaTHOM U PsAAMOIA Mo ieaMu ucTionb3yem Marpuity DH (lenaBut-Xantenoypr)
(puc. 1). JlaHHbBIN METO/1 AAE€T BO3MOKHOCTh OITUCATh IIOCTYTATEIbHbIE U

BpallaTeIbHbIC CBI3U COCEIHMX 3BEHbEB rekcanoa [2].

IIpsimas
KAHEMaTH4ecKast
MOJIEIb

Vsl noBOpoTa [Tonoxenue u
IIAPHUPOB Marpuna /lenaBura- HarpaBJeHUE
XanrteHOypra KOHEYHOH TOYKH

reKcanoa
OGparnas
KHHEMAaTHN4YCCKas
MO/IEITb

Puc. 1. Bzaumocesnzb meacoy napamempamu mampuysl Jenasuma-Xanmenoypea (DH):
Yyenamu nogopoma wapHupos, c600600HOU KOHEYHOU MOoUKoll poboma,
a maxoice 0OpamMuoU u NPAMOU MOOEIAMU
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Ha pucynke 2 npeacrasiieHa cxemMa KOHCTPYKIIMHM OMOPbI TEKCAIo1a.

ad

a5

Puc. 2. 'eomempuueckue napamempsi onopuvl 2ekcanooa, npsamas KUHemMamuxa

Ha pucyHke 3 npencrasiieHa cxeMa reKkcaroa B JeKapTOBBIX KOOpIUHATaxX

Y TIOKa3aHbI CTENIEHU CBOOObI KOHCTPYKIUH.

Puc. 3. Onopa zexcanooa 6 dexapmogvix Koopounamax
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Jlanee onpeessieM mapamerphl I [0ICTAaHOBKHU B MaTpuity JleHaBuTa -
XapTeHoepra,
e 6i: yroyi COeMHEHNS, YTOJI MEKIY X; U X;_; OTHOCHUTEILHO OCH Z;_1 ;
di: caBur 3BeHA, paCCTOSHUE OT X; O X;_; 110 OCU Z;_1;
i: OTKJIOHEHHE 3BEHa, YIOJI MEKIY Z;_;, U Z 1 BOKPYT OCH X; ;

ai: UTMHA 3BE€Ha, PACCTOSIHUE OT Z; J0 Z;_1 110 OCH X;; ;

pi =180".

Tabmmmna 1

[Tapamerpsl nnst marpuisl Jlenasura-Xaptenoepra

Ne a; a; d; 0,
CoeIHHEHH S
1 a, Pi/2 0 o*
2 a, 0 0 02*
3 as 0 0 0s*
4 a, 0 0 04>~ pif2
5 as 0 0 Os*

Marpuna Tpancopmanuu BeIpakaeT epexoa OT OJHUX KOOPAUHAT K
JIPYTUM, KOT/1a TEKCaro i UK3MEHSIET CBOE MOJIOKEHUE MpHU ABMKeHuu. Harpumep,
ecm k omuchIBaeTCsI OTHOCHUTENBHO Ry HECKOJIBLKUMHU MepeXxojaMyd MaTPHIIS
nepexojia ot 0 k k myTremM yMHOKEHHUS TPOMEKYTOUHBIX MaTPHUIL, TOKa3aHHBIX HA
pucynke 4 [3].

T =T T T3 ... ... Tk .
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Puc. 4. Ilepexo0 koopounam

Jlanee nocTpouM MaTpuIly TpaHC(POPMaLUH, B KOTOPO 3a/1aHBbI
KOOPJWHATHI M opueHTanus nosoxenus O1 otHocutensHo Oi-1, u Matpuia
IIPUHUMAET CJIEAYIOLIMI BAL:

cos(0i) —cos(ai)-sin(0i) sin(ai)-sin(6i) a, -cos(6i)

i - [sin(8) cos(ai) - cos(0i) —sin(ai)- cos(0i) a4 -sin(6i)
-1~ o .
0 sin(ai) cos(ai) d;
0 0 0 1

I[anee IMPOU3BOANM pPACUCT OTHOCHUTCIILHO 3a/laHHBIX KOOPAWHAT.

cos(61) 0 sin(01) a,-cos(61)
sin(01) 0 —cos(01) a,-sin(61)

To =
0 1 0 0
0 0 0 1
cos(02) —sin(62) 0 a2-cos(62)
72 — [sin(02) cos(62) 0 a2-sin(62)
! 0 0 1 0
0 0 0 1
[cos(03) —sin(63) 0 aj-cos(03)]
73 = [sin(B3)  cos(63) 0 a;-sin(63)
? 0 0 1 0
L0 0 0 1 .
[cos(64) —sin(64) 0 a,-cos(64)
T4 — |Sin(64) cos(64) 0 a,-sin(64)
’ 0 0 1 0
0 0 0 1
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cos(05) —sin(65) 0 as-cos(685)

TS = sin(65) cos(05) 0 ag-sin(65)
0 0 1 0
0 0 0 1

[losryuaem MaTpuily TpancpopMarim.

TS =T -T2 T ... .. T}
rTll T12 T13 T14'|
_ |T21 T? T3 T24I
T8 T2 TP T
lrr 12 T3 TA
T¢ — aTo Marpuua Tpancdopmanuu (Homogeneous transformation matrix),
OTKY/1a MOKEM ITOCTPOMTH CJIEAYIOIIME YPABHEHHUS
! = cos(6,+ 0; + 6, + 65)-cos(6,)
T? = —sin(6, +0; + 0, + 6:)-cos(6,)
T2 = sin(6,)
T} = cos(6,)* (a; + as-cos(0, + 03+ 6, + 65) + a;-cos(6, + 63)
+ a,-cos(8,) + a,-cos(6, + 05+ 6,)
T} = cos(6, + 6; + 6, + 6:)-sin(6,)
T = —sin(6, +0; + 6, + 65)-sin(6,)
T} = —cos(6,)
T,) = sin(0,)-(a, + as-cos(0, +60; + 6, + 65) + a;-cos(6, + 65)
+ a,-cos(6,) + a, -cos(6, + 6; + 6,))
T! = sin(6, + 6; + 6, + 65)
T? = cos(6, + 6;+ 0, + 65)
T3 = 0
T = ag-sin(@, + 6; + 6, + 65) +a;-sin(6, + 65) + a, - sin(6,)
+a,-sin(@, + 6; + 0 ,)

a4 Sin(ez + 93 + 94)
T = cos(6, + 6; + 6, + 6:)-cos(6,)
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T = —sin(8, + 65+ 0, + 06:)-cos(6,)
T = sin(6,)
T} = cos(0,) - (a;+ as-cos(6, + 65 + 6, + 0O5) +a;-cos(6, + 65)
+a,-cos(0,) + a, -cos(6, + 05 + 6,))

Teneps, mocie noaydeHus: 0 JHOPOTHO N MAaTPHIIBI TPEOOPa30BAHMS
(Homogeneous transformation matrix) (Tg), MBI MOKEM pacCUYHUTaTh HPSAMYO
KUHEMATHYECKYIO MOJIENb, KOTOPAast UCTIOJIb3YETCS JJISl BRIUUCIICHHUSI KOOPIMHAT
HANPaBJICHHS KOHEYHOM TOYKH I'€KCaro/1a B HAMPABJICHUH JIFOOOTO MePEMEHHOTO
3HAYCHWS IAPHUPA U €r0 yIJia MOBOPOTA.

Janee npenctaBuM 0OpaTHYIO KWHEMATHKY OIOP I'eKcanojia Ha puc. S.

Puc. 5. ObpamHasa KUHeEMamuKa ornopsbl 2eKkconooa

OO6paTHas KHHEMaTH4YeCcKas MO/IEJb UCTIOJIb3YETCSI ISl IIOCTPOCHUS

KOOPIMHAT KOHSUHOM TOUKH JBMKEHHUS TEKCAI0/1a, 37€Ch TIOJKHBI OBITh N3BECTHBI
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YIJIbI TIOBOPOTA, IO KOTOPBIMU I'eKCaro 1 JODKEH IBUTaThCsl, YTOOBI IOCTHYh
KOOP/IMHAT KEJTAEMOU TOUKHU.

Huxe npuBeieHsl ypaBHEHUS, KOTOPbIE OBLIN IMOJTY4YEHBI JJIs1 pacyeTa yIJioB
MOBOPOTA MMApHUPOB rexcarnona (6,,05,0, ) korna KOHEYHOH TOUKE OBLITN 3a/TaHbBI

onpeielieHHble KOOPIMHATHI, Kak OKa3aHo Ha roceaHeM pucyHke 3 [1].
_ 2 2
Iy —\/(Tb —a,)* +z,

g, = atan (Zb/ (r, — 81))

1= \/112 +a,? — 2l,a, cos(g; — a)

c, = asin [~ 2 sinaw);

2312 _ 4.2
0, =&, + acos [(az +F—a, )/2 azl]
2 2 _ 12
93 = acos [(az +a l )/23233]

2 2 .2 2 2_12
0, = acos [(a3 +15—a, )/2a3l]+acos (a” + 1 =1, )/2a4l

3akiao4eHne

[Tpumenenune matpuiibl JlenaBura-XapTeHOepra mo3BOJIUIO ONHACATh
JIBUYKEHHUE 3BEHBEB OTHOCUTEIIHHO MPEABIAYIIMX 3BEHBEB U UX HAXOXKJICHUE B
MPOCTPAHCTBE, 3TOT METOJ] YACTO UCTIOJIB3YETCSI IPU pacueTax KWHEMATUKA
po0oTau maHupoBaHuu ABrkeHus. [IpeacraBieHHbIe KHHEMaTUIeCcKas mpsiMast U
oOpaTHast MOJIE/IM OTIMCHIBAIOT ABMKEHHUE MEXaHU3Ma U3 OJTHUX KOOPIMHAT B
IPYrU€, OHU MO3BOJISIFOT COCTABUTH ONITUMAJIbHBIN AITOPUTM JBUKEHHUS IIECTH
OTIOP TeKCaIlo/1a ¥ HAaWIy4Ilie TPACKTOPUHU IBUKEHUS, KOTOPhIE 00ECTIEUUBAIOT

HanOo0JsIee TOUYHOE, yCTOMUYMBOE U 0€30TIaCHOE JBIKCHHUE.
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